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ABSTRACT 
The Wildhorse Canyon region is a composite valley 
system in the Pioneer Mountains of south-central Idaho. 
2 
The study area (200 Km ) forms a major portion of the 
drainage of the Big Lost River, and is located approxi- 
mately 68 Km. north of the Snake River Plain.  The sur- 
face geology was modified to its present form by at 
least three Quaternary glaciations, and remnants of a 
fourth, older glaciation may be present as elevated ter- 
race gravels.  The deposits of the four glaciations are 
tentatively correlated with the Rocky Mountain Glacial 
Model of Mears (1974) as pre-Bull Lake (oldest), Bull 
Lake, Pinedale, and Neoglacial (youngest) Glaciations. 
High elevated erratics found on the valley sides of 
the East Fork of the Big Lost River and the topographic 
distribution of Pinedale and Bull Lake moraines indicates 
ice damming and ponding of the East Fork drainage.  This 
ponding, as suggested by the present position of the 
Pinedale I, II, and Bull Lake terminal moraines may have 
been a multiple event. 
Field relationships of Pinedale and Bull Lake 
deposits demonstrate that differentiation of terminal and 
recessioncl moraines can accurately be accomplished by the 
combined analysis of morphologic character and strati- 
graphic associations.  While these proven methods were 
found to be effective in discriminating relative age, the 
identification of quantifiable parameters (total clay con- 
tent and clay mineral variations) to distinguish Pinedale 
and Bull Lake tills of Wildhorse Canyon is a step forward 
in more regional correlations. 
Strong clay mineral alterations are occurring in 
soils of both ages, and are consistent in sequence of 
alteration.  Bull Lake soil exhibits a more intensely 
weathered profile (more total clay), a reflection of the 
prolonged exposure to pedogenic forces.  Pinedale soils 
show less pedogenic alteration. 
Illite dominates the surface horizons of all soils 
in the region.  Extreme leaching of surface horizons 
selectively removes the mobile cations (Ca, Na) resulting 
in the formation of montmorillonite in the B horizon. 
Montmorillonite is forming from illite by the addition 
of calcium, sodium, and water in the B horizon in a poorly 
leached, cation-rich environment.  Chlorite is primary 
or forms at depth from primary soil micas in the C hori- 
zon, altering initially to illite and to a lesser extent 
montmorillonite, in the B horizon. *Key   words:      Quaternary, 
pre-Bull   Lake,   Bull   Lake,   Pinedale,   Neoglacial,    ice-damming, 
morphology,   pedology,    Wildhorse   Canyon,    Idaho. 
Introduction 
Objectives 
The Wildhorse drainage basin, in the Pioneer Moun- 
tains of Idaho, provides an excellent area for the de- 
lineation and correlation of Alpine glaciation in the 
northern Rocky Mountains.  Adjacent to the Copper Basin 
drainage (Fig. 1), an area of recent glacial investiga- 
tions (Pasquini, 1976; Wigley, 1976; Wigley, Pasquini, 
and Evenson, in press), this study of the region extends 
our knowledge of the glacial history of the area and 
provides new data useful in attempts at local and 
regional correlation of Rocky Mountain deposits. 
The objectives of this work are of a dual character: 
First, aerial mapping and relative age differentiation 
provides a basis for correlation with adjacent areas 
and with the present Rocky Mountain glacial model (Mears, 
1974); secondly, analysis of soil profiles developed on 
tills of different ages provides quantitative information 
on the processes of pedogenic development in Alpine 
regions. 
Location and Geomorphic Environment 
Wildhorse Canyon is located in the central Pioneer 
Mountains in South-Central Idaho, enclosing an area of 
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approximately 200 Km  (Fig. 1).  The floor of the canyon 
Figure 1.  Location map of the Wildhorse 
Canyon area, Idaho, showing areas of re- 
cent investigations in glacial geology. 
Stippled area corresponds to approximate 
boundaries of the drainage system as 
shown in Figure 2. 
lies at 2250 m. (7500 ft.) and is surrounded by numerous 
peaks rising above 3293 m. (11,000 ft.).  Hyndman Peak, 
3616 m. (12,078 ft.) is the highest mountain in the area. 
The Wildhorse drainage includes the major tributary 
canyons of Fall Creek and the East Fork of Fall Creek; 
additional minor tributary canyons include Surprise Valley, 
Moose Lake Valley, and Boulder Creek Valley (Fig. 2). 
This canyon system forms the headwaters of Wildhorse 
Creek, which flows into the east fork of the Big Lost River. 
The geomorphic origin of this high relief area is 
unresolved.  While vigorous glacial erosion was a major 
force, block faulting of mid-Tertiary to Quaternary age is 
also inferred by recent workers (Dover, 1966; Nelson and 
Ross, 1969).  High angle faults cut across the mouths of 
locally hung tributary valleys, and may have furnished part 
of the initial relief prior to glaciation. 
Bedrock Geology 
Wildhorse Canyon lies at the core of a dome of pre- 
Cambrian gneisses and metasedimentary rocks (Dover, 1966). 
The pre-Cambrian basement of the region lies near the 
intersection of two old orogenic belts, with basement ages 
of 2500 m.y. (Superior) and 1500 m.y. (Hudsonian).  The 
basement complex of Wildhorse Canyon may therefore have 
been effected by one or both of the orogenies. 
WILDHORSE DRAINAGE        g-      , 
1<     » 
Figure 2. Major drainages of the Wildhorse 
Canyon region, Idaho. Area roughly corre- 
sponds to stippled area of Figure 1. 
Fall Creek and its tributaries are underlain by 
intrusive quartz monzonite of late Cretaceous to Tertiary 
age.  Dover (1966) concluded that the intrusive is of the 
same age as the Idaho Batholith, to which it may be con- 
nected at depth. 
Near the mouths of the tributary canyons, the east- 
west trending Boulder Creek fault (Dover, 1966) brings 
the pre-Cambrian gneisses and intrusive monzonites into 
contact with carbonate and clastic rocks of the Upper 
Paleozoic Copper Basin Group (Paull, ejt a_l. , 1972) (Fig. 
3).  This sequence of units is found throughout south- 
central Idaho, resulting from deposition into a rapidly 
subsiding, narrow, eugeosynclinal trough, with deposi- 
tional environments on either side.  The deposition of 
the Copper Basin Group rocks is commonly associated with 
alternating periods of queiscence and uplift attributed 
to the Antler Orogeny (Nelson and Ross, 1969). 
Subsequent orogeny and deformation in Laramide time 
created approximately 610 m. (2000 ft.) of relief.  Early 
Tertiary Challis volcanics covered much of this topography, 
followed by concommitant emplacement of small stocks. 
Tertiary to recent block faulting (Dover, 1966; Citrone, 
1976) has been the dominant tectonic force since extru- 
sion of the Challis volcanics. 
Units grouped by 
lithology, rather than 
name, as: 
carbonate-clastic 
gneiss 
IT] intrusive 
Vl volcanic 
Figure 3.  Generalized bedrock geology of the 
Wildhorse Canyon region, Idaho; modified from 
Dover, 1966; Nelson and Ross, 1969; Paull, et 
al., 1972.  Individual Rock Stratigraphic 
units grouped together on the basis of gross 
lithology include:  GNEISS - Wildhorse Canyon 
Migmatitic Gneiss Complex (p€), Hyndman Forma- 
CARBONATE-CLASTIC - limestones and 
of Copper Basin Group; INTRUSIVE - 
to lower Tertiary quartz monzonite; 
mid-Tertiary Challis Volcanics, 
tion (p€); 
argillites 
Cretaceous 
VOLCANIC - 
undifferentiated. 
Glacial landforms of both depositional and erosional 
character dominate the present land surface.  Source areas 
for the glaciers lay in predominantly north-facing cirque 
complexes at the headwaters of Wildhorse Canyon (the 
trunk valley) and each of its tributaries.  Multiple series 
of moraines and terrace sets discussed in subsequent sec- 
tions of this thesis suggest at least three major glacial 
advances during this interval. 
Previous Work 
Rocky Mountain Region 
The Rocky Mountain glacial model, as developed over 
the past 62 years, appears to correlate well the sequence 
of glacial events delineated in this study and others 
(Pasquini, 1976; Wigley, 1976; Wigley, Pasquini, and 
Evenson, in press) and will be used as the basis for 
comparison and nomenclature in this study.  Terminology 
and nomenclature used in this investigation are summarized 
in Table I. 
Blackwelder (1915), developed what is considered by 
some (Mears, 1974) to be the "prototype" of the Rocky 
Mountain glacial model.  In the Wind River Mountains of 
Wyoming, Blackwelder (1915), identified three stages of 
glaciation, which he presumed to be late Wisconsinan in 
age.  The oldest, or Buffalo Stage, was named after the 
type locality at the Buffalo Fork of the Snake River near 
Jackson Hole, Wyoming.  Remains of the Buffalo glaciation 
are present now as remnants on high, flat-topped divides 
and hills.  The moraines are no longer visible, indica- 
tive of their great age and long exposure to weathering. 
The topography of the deposits is smooth and subdued, and 
lacks surface boulders due to weathering and deposition 
of loess.  The Buffalo drift encompasses a greater area 
that deposits of the later Bull Lake and Pinedale glaciers 
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Later work on Buffalo deposits has been dominated 
by Gerald Richmond (1948-1976), who found three tills 
of Buffalo age on the eastern flank of the Wind River 
Mountains, each till separated by a deeply weathered ,< 
interglacial soil (1964a). 
In a recent re-evaluation of the "type" Buffalo 
locality, Richmond (1976), on the basis of morphology 
and weathering characteristics, re-appraised the actual 
age as that of the Pinedale ice advance, thus further 
reference to glaciations older than Bull Lake will be 
termed "pre-Bull Lake" (Table I). 
Richmond recognizes pre-Bull Lake deposits compar- 
able to those in the Wind River Mountains (1964a) in 
Rocky Mountain National Park, Colorado (1960a).  The 
deposits are beyond the outer limits of Bull Lake 
moraines on a broad, flat valley erosion surface.  They 
are correlated with the deposits of the Wind Rivers 
(1964a), on the basis of:  lack of morainal development, 
higher clay content in the "B" soil horizon, and location 
beyond the Bull Lake deposits.  Two terraces of pre-Bull 
Lake age are distinguished.  Earlier work in Glacier 
National Park (Richmond, 1957) and the La Sal Mountains 
of Utah (Richmond, 1962b) suggests the existence of three 
pre-Bull Lake tills. 
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Richmond's work in the Wind River Mountains, La Sal 
Mountains, and Glacier National Park (1948-1965) culmi- 
nated in the proposal of three distinct pre-Bull Lake 
glacial stages (Table 1) based on two buried soils in 
pre-Bull Lake till (interpreted as non-glacial intervals) 
and named after the type localities on the north side of 
the Wind River Mountains at Sacagawea Ridge (youngest), 
Cedar Ridge, and Washakie Point (oldest). 
Pre-Bull Lake events are dated on the basis of 
volcanic ash layers, faunal remains, and various ele- 
mental isotopes (uranium-lead, potassium-argon).  Birke- 
land, Crandell, and Richmond (1971) report various pre- 
Wisconsinan advances in the Rocky Mountains at about 
1,500,000 yrs. B.P. (Washakie Point), 750,000 yrs. B.P. 
(Cedar Ridge), and 250,000 yrs. B.P. (Sacagawea Ridge). 
The Bull Lake glaciation was first proposed by 
Blackwelder (1915), who distinguished Bull Lake moraines 
by their characteristic continuity compared to the pre- 
Bull Lake deposits.  He suggested an age older than 
Pinedale deposits based on:  less abundant and more 
highly weathered surface boulders, rarer lakes and ponds, 
and a higher degree of dissection by streams. 
Holmes and Moss (1955), in the northern Wind River 
Mountains, identified two Bull Lake moraines in lower 
valley reaches, each associated with an extensive outwash 
13 
plain and valley train.  Richmond (1948-1972), also sup- 
ports the two fold character of Bull Lake glaciation. 
He noted (1960a) that Bull Lake valleys contain cirques 
with more subdued slopes and deposits with more mature 
soil profiles than those found on Pinedale sediments, 
interpreted to mean that Bull Lake ice withdrew from the 
mountains between Bull Lake and Pinedale time. 
Wigley (1976) mapped "undifferentiated" Bull Lake 
till in the Copper Basin, 8 Km. east of Wildhorse Canyon. 
A dual set of Bull Lake terrace gravels is found in the 
east fork of the Big Lost River, into which Wildhorse 
Creek drains. 
The age of the Bull Lake Glaciation is problematic. 
Mears (1974) suggested an age between 70,000 and 30,000 
yrs. B.P.  Richmond (1965) cited a radiocarbon date of 
"greater than 42,000 yrs. B.P. (Trimble and Carr, 1961)" 
for a lacustrine peat of Bull Lake age in Utah.  Richmond 
extended the age to 115,000 to 125,000 yrs. B.P. based on 
the study of ice-contact features in Yellowstone Park 
(1972).  More recent work by Pierce, et al. (1976) with 
obsidian-hydration techniques in Yellowstone has extended 
the Bull Lake limit to 140,000 yrs. B.P., correlating with 
the Illinoian of the central continent (Table I). 
The Pinedale glacial stage was also identified by 
Blackwelder (1915), who differentiated two stades of can- 
14 
yon glaciation on the basis of recessional moraines. 
Atwood (1937), in the Medicine Bow Range, distinguishes 
two advances, each marked by a distinctive set of mor- 
ainal features.  Holmes and Moss (L955), in the Wind 
River Mountains, identified an earlier and later stade of 
Pinedale glaciation.  The early stade is characterized by 
a massive terminal moraine, which lays beyond two to 
seven recessional moraines of the later stade.  Richmond 
(1948-1960a), also in the Wind River Mountains, recog- 
nizes moraines representative of three pulses of ice 
activity, each with associated outwash terraces.  The 
magnitude of recession between stades, however, has never 
been clearly determined.  A series of four Pinedale mor- 
aines have been mapped by Wigley (1976) and Wigley, 
Pasquini, and Evenson (in press) in the Copper Basin, 
adjacent to the Wildhorse Canyon area. 
Mears (1974) dates the Pinedale stage at between 
6,500 and 25,000 yrs. B.P.  Faunal methods used by 
Richmond (1964a) on interfingering Pinedale tills and 
lake deposits at Little Cottonwood Canyon in Utah yield 
dates varying between 25,400 and 11,300 yrs. B.P.  Work 
by Pierce, et al. (1976) in Yellowstone Park has pushed 
the Pinedale limit back to 65,000 yrs. B.P., thus in- 
cluding most of the Wisconsinan of the midcontinent. 
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Intensive work on Neoglacial deposits began with 
Richmond (1960a), who first described an interval between 
the last stade of Pinedale glaciation and younger mate- 
rial.  This interval he termed the "altithermal" age, 
or "climatic optimum".  Glaciation of a minor extent 
occurred during this time, in which only the most shel- 
tered of the former Pinedale cirques were reoccupied.  It 
is represented by an immature soil profile on Pinedale 
outwash deposits and moraines, lighter in color with a 
thinner "A" horizon and less clay in the "B" horizon than 
Pinedale soils. 
Richmond (1965) differentiated two periods of Neo- 
glaciation, the earlier Temple Lake Stade and later 
Historic Stade.  Hack (1943) originally described and 
named the type Temple Lake moraine, and stated "it is 
reasonable that this moraine represents the' last 
Wisconsinan ice advance (p. 240)." 
Holmes and Moss (1955) discern two stades, one marked 
by the Temple Lake advance, about 3.3 km. in front of the 
cirque headwall, and the "Little Ice Age", represented by 
fresh rock moraines formed due to the retreat of glaciers 
within the past 100-200 years. Although no definitive 
dates were assigned, Moss (1949, 1951a, 1951b) originally 
inferred that the type Temple Lake moraine dated from the 
16 
1st millenium B.C., and "is best assigned to a minor 
glacial episode late in the interval between the Pinedale 
maximum and the climatic optimum (p. 881)." 
Benedict (1967, 1968, 1973) proposed three neo- 
glacial stades in the Colorado Front Range:  Triple 
Lakes, Arikaree, and Arapaho Peak.  Triple Lakes and 
Arapaho Peak are the correlatives of the post-altithermal 
Temple Lake and Historic Stade, respectively, of Richmond 
(1965).  Arikaree deposits are intermediate in age and 
often can be differentiated from Arapaho Peak deposits 
only by degree of lichen development.  The term "Arikaree", 
however, was found to be pre-empted by a Miocene sand- 
stone, and the name "Audubon" was later suggested by 
Mahaney (19 72) . 
Definite ages for Neoglacial stades vary widely from 
area to area.  Richmond (1965) places the altithermal 
interval between 6,500 and 4,500 yrs. B.P.  Absolute age 
control obtained by Currey (1974) demonstrates that the 
type Temple Lake moraine was emplaced prior to 4,500 yrs. 
B.P.  Audubon and Gannett Peak dates range from 1,900 to 
1,000 yrs. B.P. and 300-100 yrs. B.P., respectively, 
depending on interpretation. 
Thus, a definitive sequence for Rocky Mountain 
glaciation is far from being reached.  Profuse studies 
of local problems throughout the Rockies have provided 
17 
little in the way of regional correlations.  This study 
is one portion (see Pasquini, 1976; Wigley, 1976; Wigley, 
Pasquini, and Evenson, in press) of a continuing effort 
aimed at establishing a glacial model for the central 
Idaho region.  It is anticipated that continued mapping 
of glacial deposits and quantification of pedologic 
development will eventually result in the ability to 
produce firm, quantifiable correlations between this 
region and the evolving dynamic Rocky Mountain Glacial 
Model. 
18 
Wildhorse Canyon Glaciation 
Previous investigations of the glacial deposits in 
the Wildhorse Canyon area are extremely limited.  Prior 
to this study, only Umpleby, et a^l. (1930) and Dover 
(1966) had reported the presence of glacial deposits in 
the area. 
Dort (1960), working in the Lemhi Mountains 80 km. 
north of the area, recognized deposits of pre-Bull Lake, 
Bull Lake, Pinedale, and Neoglacial age.  These results 
are further supported by Knoll (1973), also in the Lemhis, 
who found moraines representing two stages of Bull Lake 
and three stages of Pinedale glaciation. 
Nelson and Ross (1969) originally differentiated 
deposits of two ages in the Copper Basin, 8 km. east of 
Wildhorse Canyon.  They later subdivided the younger 
deposits into Bull Lake and Pinedale ages on the basis 
of morphostratigraphy.  Wigley (1976), in a detailed 
study of glacial deposits of the Copper Basin, estab- 
lished four major stillstands of Pinedale ice on the 
basis of recessional moraines, and two stades of Bull 
Lake glaciation evidenced by till and multiple outwash 
terrace gravels.  Scant remnants of possible pre-Bull 
Lake deposits are also present as elevated terrace 
gravels.  Neoglacial deposits were prevalent in the high, 
sheltered cirques. 
19 
Methods 
Field Work 
Field work was conducted from June through August 
of 1976, beginning with the examination of the type 
localities of Bull Lake and Pinedale deposits in the 
Wind River Range of Wyoming.  The type localities were 
carefully examined and described.  Likewise the deposits 
of the adjacent Copper Basin were examined in the field 
and on air photos.  These studies provided a framework 
for comparison with the deposits of the Wildhorse Canyon 
region.  Study in Wildhorse Canyon began with aerial map- 
ping and differentiation of the various glacial features, 
The distribution of the glacial deposits was plotted on 
U.S. Forest Service air photos (scale 1:15,800) and 
U.S.G.S. topographic quadrangle maps of the area. 
Field methods of differentiation included: 
1. Cross-cutting and overriding 
morainal relationships; 
2. Surficial morainic expression, 
including surface boulder 
morphology and frequency; 
3. Soil profile development: tex- 
ture and appearance, depth of 
carbonate leaching, and pebble 
weathering rinds. 
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Based on observations in the Wind River Mountains 
and the Copper Basin area morainic deposits were assigned 
to the pre-Bull Lake, Bull Lake, Pinedale, or Neoglacial 
stades on the basis of morphologic expression and posi- 
tion.  For a detailed review of the characteristics of 
these units see Wigley (1976), Wigley, Pasquini, and 
Evenson (in press) and discussions on pages 29  (pre-Bull 
Lake),  32 (Bull Lake), 36 (Pinedale), and  44 (Neoglacial) 
Soil pits were excavated at critical locations on 
deposits mapped as Pinedale and Bull Lake till (Plate 1). 
Soil profiles were analyzed and sampled as follows: 
1. The occurrence and depth of each parti- 
cular horizon was noted to a depth to 
include unweathered parent material; 
2. Texture and appearance were described 
according to the methods of the Soil 
Survey Staff (1960); 
3. Representative samples were taken at 
increments of 15 cm. to include each 
horizon, and also at the contact of 
the horizons.  Sampling was from the 
base of the pit to the top to avoid 
contamination. 
Two pits (PD-2 and BL-3) were sampled from opposite 
sides, to provide control on within-pit variation.  A 
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total of 85 samples, 43 from Bull Lake and 42 from Pine- 
dale, were collected for subsequent laboratory analysis. 
Laboratory Analysis 
Pretreatment 
Each sample was homogenized and reduced, by mechan- 
ical splitting, to approximately 20 gm., which was 
further split after chemical treatment to provide 10 gm. 
each for detailed size analysis and clay mineral analysis. 
Three chemical treatments were performed to remove 
organic matter, free carbonate material, and amorphous 
iron oxides. 
Free carbonate material and exchangeable cations, 
common cementing and coating agents in soils, were re- 
moved by the sodium acetate method of Jackson (1969). 
Organic material and free manganese dioxide has a similar 
effect on soil aggregates; MnO^ may often segregate along 
(001) cleavage planes of micas and clay minerals, mask- 
ing their diffraction peaks.  The removal of both was 
done by the hydrogen peroxide method of Jackson (1969). 
Amorphous iron was removed by the citrate-bicarbonate- 
dithionite (CBD) method of Jackson and Mehra (1960).  The 
removal of iron oxides and hydroxides aids in the disper- 
sion of the aluminosilicate minerals, and enhances the 
degree of parallel orientation of layered silicates when 
preparing slides for X-ray diffraction analysis.  "Cleaned" 
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aluminosilicates are also more sensitive to X-ray analysis 
than those samples with large amounts of iron coatings 
present. 
Size analyses (O-<110) at 10 intervals) of pretreated 
samples were performed by sieving (0-40; Ingram, 1971) and 
subsequent pipette analysis (5-<110; Galehouse, 1971) in a 
constant-temperature bath. The tabulated results of the 
size analysis are compiled in Appendix II. The sand-silt- 
clay ratios derived from these were further utilized in 
the textural classification of the soil horizons (Appendix 
I) • 
Clay Mineral Analysis 
Pretreatment 
Two soil profiles (PD-2B and BL-2, Plate 1) were 
chosen as the two with characteristics most exemplary of 
those expected for the soils of Pinedale and Bull Lake 
age.  Each sample was divided into four size fractions: 
80, 90, 100, and 110 and finer.  The separations were 
accomplished by four replicate centrifugations and decan- 
tations for each size according to the method of Jackson 
and Tanner (1947) .  The fractions thus obtained were 
retained for later study in 1 liter bottles. 
Slide Preparation 
Oriented, glass mounted slides of each fraction were 
prepared by the filter-membrane peel technique of Drever 
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(1973).  Prior to mounting, 10 ml. of IN • MgCl~ solution 
was drawn through the filter to provide a magnesium- 
saturated environment for final dispersion and clean-up 
of clays.  Choice of cation employed for saturation of 
exchange charges is important, as interlayer spacing of 
aluminosilicate minerals can be maximized to a greater 
+ 2 
extent with Mg or Ca than with K or Na.  Magnesium (Mg  ) 
was chosen, as the most appropriate cation for soil con- 
ditions in Wildhorse Canyon, to maximize the (001) inten- 
sity of the expansible layer silicate (Jackson, 1969). 
All slides were glycolated prior to X-ray analysis 
by the vapor-pressure glycolation method of Brunton (1955) 
X-ray Diffraction 
All samples were X-rayed from 4° to 14° 2e, on a 
standard Norelco wide angle X-ray diffractometer using 
high intensity nickel-filtered copper K^ radiation, ex- 
cited at 40 KV and 20 ma, utilizing a scintillation 
counter for detection.  The scanning speed was set at 
h°   2e per minute, as was the chart speed, resulting in 
1° 2e per inch printout of all samples. 
A constant area of the slide was irradiated, with 
the sealer and rate meter adjusted to maximize peak 
areas for each record. 
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Semi-Quantitative Determination of Relative Clay 
Mineral Compositions 
Detailed clay mineral analysis of the assemblages 
seen in Wildhorse Canyon was focused on the establish- 
ment of a quantitative means for differentiating soils 
developed on the Pinedale (PD-2) and Bull Lake (BL-2) 
deposits selected for investigation.  To determine such 
parameters, the variation of four readily identified 
clay species (montmorillonite, illite, chlorite, and 
kaolinite-chlorite mixed) with size and depth in the 
profile was determined.  A total of 72 samples were 
X-rayed in a glycolated state.  Eight of the 72 samples 
were also X-rayed in an air-dry state, and again after 
heating to 120°C for 15 minutes.  The resulting printouts 
were compared with various authors (Scafe, 1968; Stokke, 
1976; Wigley, 1976) and the diffraction peaks identified 
using the following criteria. 
Montmorillonite shows a strong peak at 5.5° 26 in 
the glycolated state, with the structure collapsing from 
o o 
14A to 10A upon heating.  Chlorite displays a sharp peak 
o 
at 6.2-6.3° 26; the 14A structure remaining unaffected 
by heating.  Illite appears as a strong, symmetrical 
o 
peak at 8.8-9.0° 26, and the structure (10A) remains un- 
changed by both glycolation and heating.  The illite 
category also includes polymorphs of mica groups, and 
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were differentiated no further.  Kaolinite appeared as a 
peak at 12.5-12.6° 26, and the mineral was probably mixed 
with chlorite.  The 7A structure was unaffected by gly- 
colation and heating. 
The polar planimeter was used to measure areas under 
the appropriate peaks (above an inferred estimated back- 
ground level).  Each peak area was measured twice, with 
the mean value taken as the peak area.  The abundance of 
each species was represented as the percentage of the 
total composition.  The weighted factors of Biscaye (1965) 
were not used.  Results of the clay mineral analysis are 
tabulated in Appendix III. 
Statistical Treatments 
The resultant array of data obtained to describe and 
differentiate the deposits of Wildhorse Canyon are volu- 
minous.  Conventional methods of analysis such as scatter 
plots, ternary diagrams and bivariate plots are time-con- 
suming and often inadequate.  Conclusions drawn from such 
methods may frequently introduce unavoidable subjectivity 
and neglect less obvious underlying relationships.  Multi- 
variate analysis permits the handling of large data sets 
at a single time and in doing so provides unbiased inter- 
pretations of the data.  Factor analysis was used on the 
grain size (textural) and mineralogical data using the CDC 
model 64 00 computer. 
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Factor analysis has been applied by numerous resear- 
chers (Imbrie and Purdy, 196 2; Imbrie and Van Andel, 1964; 
Davis, 1973; Stokke, 1976; Yuan, 1976) and is generally 
the most widely used method of analysis.  The objective 
of factor analysis is twofold:  (1) identification of 
basic underlying influences; and (2) development of a 
mode of classification (Spencer, 1966).  From this arise 
two different forms of analysis, the R and Q modes.  The 
R-mode analysis examines the relationship between vari- 
ables; the Q-mode is concerned with relationships between 
samples.  The R-mode factor analysis (modified version of 
Parks, 1970) is used in this study. 
This program performs a principal components analy- 
sis on a correlation matrix of the input data, the vari- 
ables being either grain size or clay mineral data.  The 
program includes the orthogonal varimax rotation developed 
by Kaiser (1958).  The program extracts several factors: 
new, uncorrelated linear combinations of the original 
variables.  Factor loadings represent the importance of a 
particular variable to the composition of the factor. 
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Results and Discussion 
Introduction 
Differentiation of glacial deposits in this area of 
Idaho by qualitative morphologic and stratigraphic criteria 
has been shown to be a highly effective method (Wigley, 
1976; Pasquini, 1976; Wigley, Pasquini, and Evenson, in 
press).  However, Wigley (1976) has demonstrated that cer- 
tain quantitative parameters are of limited value in dif- 
ferentiating soils in the adjacent Copper Basin.  Therefore 
this study has focused on the development of new techniques, 
particularly clay mineralogy, which may aid in the differ- 
entiation of glacial deposits of varying ages.  As a re- 
sult, the two phases of this work, field mapping and 
laboratory analysis are closely related—first the deposits 
must be mapped and assigned ages, then a search for quan- 
tifiable differences can be attempted.  For ease of dis- 
cussion, the field investigations and laboratory analyses 
will be discussed separately, with the understanding that 
the research objective is quantification of pedologic dif- 
ferences which may reflect or document morphologic sub- 
divisions based on field observations. 
Qualitative Analysis:  Differentiation by Morphostratigraphy 
The location and age of all glacial and periglacial 
deposits mapped in the Wildhorse Canyon region is shown 
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on Plate 1.  The deposits are designated as belonging to 
Pre-Bull Lake, Bull Lake, Pinedale, or Neoglacial Glacia- 
tions according to the Rocky Mountain Glacial model, how- 
ever, these age assignments should be considered as ten- 
tative. 
Pre-Bull Lake Deposits 
Deposits of possible Pre-Bull Lake age are restricted 
to two locations on the west sides of Pole and Deer Creeks. 
The deposits consist of indistinct terrace (?) gravels of 
highly weathered pebble to cobble sized granitic and 
gneissic erratics, elevated 200-250 ft. (61-76 m.) above 
the present drainage.  Alternatively, and perhaps more 
likely, the gravels may be ice-rafted deposits of pre-Bull 
Lake age (see discussion following). 
At approximately the same elevations, large (1-1.5 
m.) fresh gneissic boulders are found; the source being 
the pre-Cambrian complex of Wildhorse Canyon proper. 
That the age of the erratics and terrace gravels is 
dissimilar is beyond doubt; the larger erratics are un- 
weathered and resist severe blows of a hammer, while the 
smaller pebbles and cobbles of the "older" gravels are 
thoroughly rotted, crumbling under hand pressure. 
The large, fresh granitic and gneissic boulders are 
found distributed along the East Fork of the Big Lost 
River over a distance of 6.5 km. (4.0 mi.) and their 
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distribution is shown on Plate 1 as "Upper Limit of Wild- 
horse Canyon Erratics".  Likewise, boulders of Copper 
Basin provenance are found along the East Fork (Wigley, 
1976) at approximately the same elevation (see Plate 1). 
These fresh boulders are located well beyond the limits 
of the Pinedale and/or Bull Lake ice advance in both the 
Wildhorse and Copper Basin drainages (Wigley, 1976) .  That 
tounges of ice could have advanced to the position of 
these erratics is untenable. 
In the case of the Wildhorse erratics, the ice would 
have had to advance up valley for a distance of 8.5 km. 
(5.3 mi.).  This would have required an ice thickness in 
the Wildhorse valley that is not substantiated by any 
field evidence.  In fact, the distribution of the deposits 
in this valley and near its mouth (Plate 1) suggests that 
Bull Lake ice moved up valley a maximum of 2.0 km. (1.2 
mi.) and Pinedale ice a maximum of 1.8 km. (1.1 mi.). 
Therefore a solution other than transport by ice is 
required. 
The supposition accepted in this work is the concept 
of ice rafting.  Examination of Plate 1 shows that the 
limit of younger glaciations (Pinedale and Bull Lake) 
at the mouth of Wildhorse Canyon is highly suggestive of 
ice damming of the present drainage by successive glacial 
episodes.  While there is no clear evidence from till 
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remnants to construe a similar mechanism for pre-Bull 
Lake ice, ice-damming should also have occurred during 
the more extensive pre-Bull Lake glaciations. 
As ice damming was likely a multiple event, the 
age of the unweathered ice-rafted boulders is uncertain, 
but probably Pinedale and/or Bull Lake.  Boulders ice- 
rafted during earlier glaciations may be present but un- 
detected, or they may have been destroyed by weathering 
or removed by mass movement and stream activity.  As the 
depositional environment of the ice-dammed lake would 
also include contributions from the Copper Basin ice 
complex and tributary canyons, intricate relationships 
arise to which solutions will be found only through 
further research. 
The occurrence of pre-Bull Lake gravels in the Copper 
Basin is well documented (Wigley, 1976) .  Various workers 
in the Lemhi Mountains (Dort, 1960; Knoll, 1973) have 
also noted the existence of similar pre-Bull Lake deposits 
in the form of till and outwash gravels.  Richmond (1976) 
notes that the pre-Bull Lake glaciation should be found 
elsewhere.  Madole (1976) has suggested that gravels 
mapped as pre-Bull Lake in the Colorado Front Range may be 
fluviatile deposits as old as Miocene in age.  Further 
evidence for pre-Bull Lake deposits was not encountered. 
Interdrainage divides were surveyed for additional rem- 
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nants without success.  The nature of pre-Bull Lake 
glaciation in the area remains open to speculation and 
further research. 
Bull Lake Deposits 
Bull Lake deposits make up the oldest glacial rem- 
nants clearly post-dating the erosion of major drainages 
in the area.  Bull Lake till occurs in two large lateral 
moraines on the east and west valley walls at the mouth 
of Wildhorse Canyon.  The moraines are discernable by 
their subdued topography as compared to Pinedale moraines, 
which, to an extent, override the Bull Lake moraines (Fig. 
4 and Plate 1). 
The surface morphology of the Bull Lake moraines is 
typified by a subdued land surface well dissected by 
streams, a lack of kettles, and few surface boulders 
(see Fig. 4), which are often highly weathered. The 
morphology is similar to the Potholes moraine of the 
Copper Basin (Wigley, 1976), suggesting a comparable 
mechanism of ice movement and age. 
End moraines of Bull Lake age are well developed and 
preserved to the east and west of the mouth of Wildhorse 
Creek near its junction with the East Fork of the Big 
Lost River (Plate 1 and Fig. 4).  Bull Lake moraines are 
situated topographically above the Pinedale I terminal 
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Figure 4.  Oblique air photo of the mouth of Wildhorse 
Canyon; characteristic topographic and morphologic 
features of Bull Lake and Pinedale moraines clearly 
evident (see text).  Note distribution of Pinedale 
till on north side of East Fork of Big Lost River. 
For explanation of symbols, see Plate 1. 
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moraines to a maximum elevation of 8400 ft. (3062 m.). 
The lower limit of Bull Lake till has been obscured by 
the overriding Pinedale I moraine (Fig. 4) . 
Ice from the Fall Creek tributary complex merged 
with the trunk glacier of Wildhorse Canyon to coalesce at 
the mouth as what shall be referred to as the "Wildhorse 
Lobe".  Bull Lake ice collided with the hills opposing 
the canyon mouth, and subsequently impounded a meltwater 
lake to the east. 
It is a well known fact that ice streams and debris 
from tributary glaciers do not mix, but exist as discreet 
entities to the point of deposition (Flint, 1972; Evenson, 
pers. comm. ; et a]L.) .  The upper region of Wildhorse 
Canyon proper is underlain by bedrock of pre-Cambrian 
gneisses, with minor areas of Paleozoic and volcanic rocks 
near the mouth (Fig. 3), while the bedrock of the Fall 
Creek drainage is dominated by intrusive monzonite and 
Paleozoic carbonates and elastics.  This bedrock distri- 
bution is reflected in the composition of the Bull Lake 
till on opposite sides (east and west) of the mouth of 
Wildhorse Canyon.  Till on the western side of the can- 
yon is composed of primarily gneissic material sourced 
by ice streams originating in upper Wildhorse and Boulder 
Creeks, while till of the eastern side is mostly granitic, 
carbonate, and clastic material from rocks of the Fall 
Creek source area. 
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As discussed under pre-Bull Lake deposits, it is 
evident that some of the elevated ice-rafted boulders 
along the East Fork of the Big Lost River may be a re- 
sult of multiple episodes of ponding, so it is inferred 
that Bull Lake glacial action was a contributing source as 
well. 
The limit of Bull Lake ice can be established with 
certainty only where till is present.  On the basis of 
till distribution and morainic deposits only one stade 
of Bull Lake ice activity can be documented.  However, the 
presence of two sets of outwash gravels 20-30 m. above the 
present drainage of the East Fork of the Big Lost River 
near Dry, Pole, and Deer Creeks (Plate 1) implies the 
possibility of two stades of Bull Lake glaciation.  This 
premise is reinforced by the occurrence of two Bull Lake 
terraces in the Copper Basin drainage as well (Wigley, 
1976).  The true limit of the Bull Lake ice advance, 
however, is obscured by ponding of the East Fork valley 
in Pinedale time.  Action such as this, depending on the 
intensity and duration, would certainly reduce some of 
the evidence of the original extent of Bull Lake ice. 
Qualitative observations on the lithology of the Bull 
Lake outwash gravels introduces further conflicting facts 
to the question of source.  Although the deposits contain 
substantial amounts of erratics sourced from Wildhorse 
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Canyon, they also include many lithologies (i.e.; quart- 
zite, quartz monzonite, volcanics) which could easily 
have been sourced from the Copper Basin (Pasquini, 1976). 
The exact source of the gravels depends on the melt- 
water systems flowing from the Wildhorse and Starhope 
(Copper Basin) Lobes at the time of breaching of the 
Wildhorse Lobe, allowing westward drainage to the north 
fork of the Big\Lost River.  Another important factor 
affecting the deposition of outwash gravels is the topo- 
graphy of the East Fork valley, now hidden largely by 
post-Bull Lake valley fill. 
The interaction of the Starhope and Wildhorse Lobe 
outwash sequences must be examined more closely to ascer- 
tain the true origin of the Bull Lake gravels.  The mor- 
phology and distribution implicates a dual advance of Bull 
Lake ice; further research similar to the methods of 
Pasquini (1976) will be of great value in elucidating a 
detailed sequence of deposition.  For the present time, 
the upper limit of Bull Lake glaciation can be taken most 
accurately to be the upper limit of the occurrence of till 
Pinedale Deposits 
Pinedale deposits are the most widespread and well- 
documented glacial remnants in the area, including a mas- 
sive terminal moraine and an extensive sequence of reces- 
sional moraines and outwash terraces. 
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The morphology of Pinedale landforms is in distinct 
contrast to that of the Bull Lake.  Slopes are steep and 
rugged, large fresh surface boulders are present in high 
frequency, and dissection by streams is not as pronounced 
as in Bull Lake deposits. 
Movement of ice in Pinedale time was apparently very 
similar to Bull Lake glaciers (Plate 1), eradicating all 
evidence of earlier glaciations in the upper valley reaches 
and partially overriding the topographically higher Bull 
Lake terminal moraines at the mouth of Wildhorse Canyon. 
The terminal Pinedale moraine (Plate 1 and Fig. 4) 
extends approximately 1 Km. further down valley than its 
Bull Lake counterpart, and has been cut by the present 
drainages of the East Fork and Wildhorse streams. 
The original extent of the Pinedale I moraine can be 
inferred from the present position of till near the mouth 
of Wildhorse Canyon (Plate 1).  By reconstruction using 
morainic remnants it is clear that the Pinedale I ice 
traversed and blocked the East Fork drainage and flowed 
northward as far as the junction of the north and east 
forks of the Big Lost River.  Much of the terminal por- 
tion of the Pinedale I moraine was lost to erosion by 
later meltwater from the Pinedale II ice front and by 
mass movement down the steep cliff north of the junction 
of Wildhorse Creek and the East Fork.  A low ridge of 
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Pinedale I till persists as an erosional remnant in 
Pinedale II and older outwash (Plate 1). 
The argument for ice damming and ponding of the 
drainage of the East Fork system to the east is most 
spectacularly depicted by the present distribution of 
Pinedale I till and outwash.  As inferred from Plate 1, 
Pinedale I ice reached a terminal position requiring 
impoundment of the drainage from the Copper Basin.  Melt- 
water flow would have followed an east-west path between 
the glacier snout and the bedrock hill to the north. 
Ponding occurred to a maximum elevation of at least 7400' 
(2255 m.), inferred from the upper limit of till on the 
north side of the stream.  This corresponds to a depth of 
about 400 ft. (120 m.) above the present valley floor; if 
the lake surface was projected eastward, water of suf- 
ficient depth to permit berg-rafted erratics to be de- 
posited at their current positions was presumably present. 
Further credibility is given this hypothesis if one con- 
siders that the water level, in abutting glacier ice, 
was likely considerably higher than the upper limit of 
till.  Qualitative comparison of the weathering charac- 
teristics of boulders on Pinedale moraines with those of 
the proposed ice-rafted boulders suggests a similar age, 
so the elevated boulders of Wildhorse Canyon lithologies 
will be assigned to the Pinedale Stade, undifferentiated. 
No evidence to document the extent of retreat follow- 
ing the Pinedale I stade has been located to date.  Whether 
the ice retreated a significant amount up canyon and then 
readvanced, or simply wasted back to the Pinedale II limit 
is unknown.  Soils on Pinedale I and II deposits are 
similar, suggesting the time between episodes of glaciation 
was not great. 
The Wildhorse lobe in Pinedale II time deposited a 
slightly less extensive morainal system than its predeces- 
sor.  The terminal moraine is comprised of a series of low, 
arcuate, hummocky ridges immediately in front of the mouth 
of the canyon (Plate 1 and Fig. 4).  A small vestige of 
Pinedale II till rests on the opposite side of the east 
fork of the Big Lost River, implying ponding of the drain- 
age during Pinedale II time.  The maximum water depth, as 
inferred from the upper limit of till, was approximately 
200 ft. (60 m.).  Erratics of Wildhorse lithologies of 
pebble to cobble size are found at appropriate elevations 
to infer ice-rafting, but the smaller size does not make 
for a conclusive argument because coarse gravel could as 
easily be deposited as part of a later outwash sequence. 
Meltwater from Pinedale II ice deposited the first 
outwash deposits attributable directly to the Wildhorse 
ice lobe.  The deposits occur at elevations 10-15 m. above 
the present stream level.  Numerous excavations near the 
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Devil's Bedstead Ranch reveal the extremely coarse tex- 
ture of the gravels.  The exposures show a moderately 
developed A horizon, underlain by coarse bedded gravels. 
Pinedale II outwash complexes were eroded when the Pine- 
dale II terminal moraine was breached.  Meltwater erosion 
and deposition modified the Pinedale I terminus, leaving 
a minor ridge of till in a broad outwash fan (Plate 1). 
Recession of Pinedale II ice left well-developed 
lateral moraines on both sides of the valley (Plate 1). 
Ice retreat may have been on the order of several kilo- 
meters; a large Pinedale II lateral moraine topographi- 
cally above the Pinedale III moraine suggests upvalley 
movement past Fall Creek, with a subsequent "re-advance 
and coalescence of the Fall Creek and Wildhorse lobes at 
the confluence of the two valleys (Fig. 5). 
Pinedale III ice persisted as a compound glacier 
(Wildhorse and Fall Creek ice streams) extending approxi- 
mately 0.5 Km. beyond the mouth of Fall Creek Canyon 
(Plate 1 and Fig. 5).  The eastern portion of the lobe 
(on the Fall Creek side of Wildhorse Canyon) contains 
primarily boulders of monzonite, while the western half 
of the lobe is composed of boulders of gneissic litholo- 
gies (upper Wildhorse Creek provenance).  The surface 
morphology is similar to the older Pinedale moraines, as 
illustrated in Fig. 5; a large kettle is also prominent. 
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Figure 5.  Air photo of confluence of Wildhorse and Fall 
Creeks.  Pinedale III moraine formed by coalescence of 
ice from Wildhorse Canyon (left and down) and Fall Creek 
Canyon (right center).  Note prominent kettle on moraine, 
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The formation of this moraine was accompanied by less 
vigorous outwash deposition, the bulk of deposition occur- 
ring immediately behind the older terminal moraines.  An 
extensive terrace 5-7 m. above the present drainage was 
formed on either side of Wildhorse Creek, and is now 
partially covered by colluvium.  Smaller terraces are 
found along the East Fork drainage. 
Later retreat caused the Wildhorse Lobe to split 
into two separate lobes; one retreating up Wildhorse Creek, 
the other up Fall Creek.  The glacier occupying Wildhorse 
Canyon may have receded to its cirque basins without 
major stillstands, as no recessional moraines are visible. 
However, extreme colluviation may have masked any reces- 
sional features that may have been deposited during the 
withdrawal of the glacier up the trunk canyon.  Therefore, 
the deglaciation history of this portion of the valley is 
unclear. 
Stillstands in the Fall Creek system are evidenced 
by small moraines at the mouth of each tributary canyon 
(Plate 1) .  Outwash gravels are of a local nature, resting 
1-2 m. above the present stream levels.  This series of 
moraines is clearly younger than the Pinedale III moraine, 
and presents a problem as to the designation of age.  The 
Rocky Mountain Glacial Model (Mears, 1974) recognizes 
three stades of Pinedale glaciation.  Holmes and Moss 
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(1955) noted the presence of up to seven recessional 
moraines behind the Pinedale terminus.  The younger 
moraines are too distant from the source areas to be 
classified as Neoglacial, and appear to be distinctly 
separate from Pinedale III.  Similar associations were 
encountered by Wigley (1976), who assigned the younger 
up-valley recessionals to a fourth stade of Pinedale 
glaciation.  Therefore, the age, in accordance with the 
findings of Wigley (1976), will be assigned to Pinedale 
IV. 
The upper reaches of the drainage system provide 
several spectacular examples of hanging valleys, and in 
particular, Surprise Valley (Plate 1).  This valley evi- 
dently sourced a small glacier in Pinedale IV time, 
which deposited a well-developed moraine, which now ponds 
a small lake.  Previous glaciation^ sculptured a prominent 
arrete and saddle, forming a meltwater channel.  The 
formation of Surprise and other hanging valleys (Boulder 
and Moose) may in part be due to high angle post-Challis 
faulting (Dover, 1966) which cuts the canyon mouths.  This 
fault may have provided some of the initial relief which 
was enhanced by the later truncation of the canyon mouths 
by the lower and larger valley glaciers. 
Pinedale IV moraines evidence a progressive decrease 
in ice activity with time, and the distribution of the 
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deposits (Plate 1) attests to a complete, or nearly com- 
plete, retreat of the ice prior to Neoglacial activity. 
Neoglaciation 
Neoglacial deposits of the Wildhorse Canyon area are 
represented by rock glaciers (Fig. 6), protalus ramparts, 
and extensive talus accumulations.  The occurrence is 
restricted to well-sheltered, predominantly north-facing 
cirques.  Not all cirques occupied by Pinedale ice were 
re-occupied in Neoglacial time. 
Several different ages of Neoglacial activity are 
suggested by overriding relationships seen in rock glaciers, 
however, the problem of age-dating would best be approached 
by the lichenometric method of Benedict (1967, 1968).  Cli- 
matic conditions suitable for recent glaciers may have 
persisted in the near past; a very fresh protalus rampart- 
rock moraine can be seen prograded into Washington Lake, 
which was covered with several feet of ice in mid-August, 
1976. 
The mapping of the glacial deposits as presented in 
Plate 1 is complete; the character of all deposits being 
carefully documented and established by extensive field 
examination.  Evidence for age designations as proposed 
in this thesis is less substantive, as corroborative 
evidence was provided by extending the Rocky Mountain 
glacial model to Idaho.  As in the Copper Basin, age 
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Figure 6.  Well-developed rock glaciers above Moose 
Lake.  Cirques face north (to top of page). 
45 
assignments are based on morphology and upvalley position, 
and not on more conclusive vertical stratigraphy.  Future 
efforts would benefit from such evidence, and examination 
of the valley cut by Wildhorse stream near its mouth may 
reveal such a succession of till and outwash. 
It is readily apparent that the glacial deposits of 
varying antiquity can be distinguished by surface morphology 
and position;  Such profound age differences should also 
be reflected by the presence of soils with different 
degrees of pedogenic development.  The second portion of 
this thesis is devoted to a search for those quantifiable 
parameters. 
Quantitative Analysis:  Determination of Relative Age 
As previously discussed, qualitative differentiation 
of glacial deposits of various ages may be accomplished 
on the basis of morphologic and stratigraphic criteria. 
However, one of the objectives of this thesis is to attempt 
to delineate quantitative parameters unrelated to morphology 
and stratigraphy which characterize deposits of varying 
ages.  The parameters selected for this phase of the 
investigation are those which are anticipated to best 
reflect soil development and alteration, as a function of 
age, on Pinedale and Bull Lake tills of the Wildhorse 
Canyon area. 
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Soil Development 
Analysis of pedogenic development has provided the 
means to determine length of glacial intervals, aided in 
the identification of glacial stratigraphic successions, 
and facilitated numerous age assignments and correlations, 
Richmond (1976), implementing absolute and relative age 
data from Pinedale and Bull Lake soils of Yellowstone 
Park, was able to correlate deposits found there with 
various stadial soils of the Pinedale and Bull Lake tills 
at the Bull Lake type section in the Wind River Mountains, 
Mahaney (1977, in press), in the Titcomb Basin on the 
west flank of the Wind River Mountains, differentiates 
Bull Lake, Pinedale, and Neoglacial soils on the basis of 
clay mineral alterations, textural differences, and soil 
chemical attributes. 
This study will examine textural variations and 
changes in clay mineralogy within Pinedale and Bull Lake 
soil profiles for their applicability to pedologic dif- 
ferentiation.  All soil pits (eight total) are: situated 
between the 7000 ft. and 7500 ft. contour intervals, and 
are distributed over a small enough area (Plate 1) such 
that climatic and vegetative factors could be considered 
constant. 
The climate is typical of an Alpine semi-arid basin, 
with rainfall averaging 40-50 cm. (16-20 in.) per year. 
47 
Maximum precipitation occurs in the winter months, aver- 
aging 5.3-5.6 cm. (2.1-2.2 in.) per month, dropping to 
only 0.5 cm. (0.2 in.) per month during the summer.  The 
mean annual air temperature is 6.4°C (4 3.5°F) with a July 
average of 20°C (68°F) and a January average of -7.4°C 
(18.7°F) (climatic data after Wigley, 1976).  Vegetation 
is characteristic of a sagebrush steppe community (Dort 
and Knoll, 1973), composed primarily of Artimesia triden- 
tata (big sage), Festuca idahoensis (Idaho fescue), 
Agropyron spicatum (bluebunch wheatgrass) and scattered 
communities of Poa (sandburg bluegrass) and Phlox (long- 
leaf and Hood's phlox).  As the previously mentioned cli- 
matic and floral factors are essentially constant over the 
area sampled, it was foreseen that only parent material, 
time, and paleoclimatic fluctuations would have effected 
pedogenic processes in Pinedale and Bull Lake soils in 
Wildhorse Canyon. 
All soils are calcorthids (Cca horizon present) or 
camborthids, where the calcic horizon is not developed at 
the base of the solum.  Profiles are weakly to moderately 
developed, characterized by cambic B horizons and stage I 
calcium carbonate accumulations at the base of the solum. 
The soils reflect a poorly leached, closed chemical system 
(Buol, et aJL. , 1973), typified by high base saturation 
levels in the cambic horizons. 
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Laboratory analysis of soil samples was focused on 
textural and clay mineral variations; initial results 
yielded a large array of data, the interpretation of which 
was somewhat limited by conventional methods. 
Statistical techniques coupled with graphical dis- 
plays of data provided highly interpretable results for 
final study and discussion. All eight soil pits were sub- 
jected to detailed (O-<110) size analysis to examine the 
extent of minor textural variations in the profiles 
(Appendix II).  Detailed clay mineral analysis was con- 
ducted on the PD-2 and BL-2 profiles (Plate 1) for the 
purpose of characterization and differentiation (Appendix 
III) . 
Soil Texture 
Soil sampling (see p. 21) was aimed at procuring 
material from each horizon, down to and including parent 
material, to provide control for the pedogenically altered 
horizons in the soils. 
Factor analysis of Pinedale textural data (Fig. 7) 
indicates that coarse sand (0-20) is highly depth-depen- 
dent (factor 1, high negative loadings), and is inversely 
related to coarse silt (high positive loadings).  This 
is  a reflection of particle size distribution in each 
horizon, with an overall coarsening of the soil with depth 
(Fig. 8).  This trend, in turn, is associated with a con- 
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FACTOR 
0   1   2  3   4   5  6   7  8  9 10 1M1D 
0 
Figure 7.  Factor loadings plotted vs. phi-size from R- 
mode factor analysis of Pinedale size analysis data. 
D = normalized depth.  Variance accounted for = 71% 
(factor 1 = 31%, factor 2 = 17%, factor 3 = 12%, fac- 
tor 4 = 11%) . 
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committant decrease of the silt fraction with depth.  The 
high loadings of the 0 sizes within the sand and silt 
fractions on factor 1 show that the variation is dependent 
on particular sizes (0, 1, 20 and 5, 6, 70) rather than 
total sand and silt.  Factor 2 indicates that fine sand 
(3, 40) is also important in explaining the variation seen 
in the profiles.  Although not strongly related to the 
other variables, it may be inferred that this factor is 
related to the degradation of the coarse sand fraction to 
an intermediate grain size between coarse sand and silt, 
independent;of depth.  Factors 3 and 4, accounting for 
successively less of the total variance, show high load- 
ings on several variables, which provide geologically 
meaningless information.  These factors are apparently 
accounting for random variation within the profiles. 
Examination of factor loadings for Bull Lake profiles 
(Fig. 9) shows that factor 1 attaches primary importance 
to fine sand (3, 40) and fine silt (6, 70).  High load- 
ings of opposite sign imply an inverse relationship; an 
increase in fine sand results in a decrease of fine silt. 
A moderate negative loading on depth correlates directly 
with fine silt and inversely with fine sand.  Although 
not readily apparent from Figure 8, the textural grade 
apparently coarsens with depth, but overall is finer 
grained than in Pinedale soils.  In a similar manner, the 
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Figure 9.  Factor loadings plotted vs. phi-size from 
R-mode factor analysis of Bull Lake size data.  D = 
normalized depth.  Variance accounted for = 69% 
(factor 1 = 26%, factor 2 = 15%, factor 3 = 15%, 
factor 4 = 13%). 
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sand is being replaced by finer (silt) sized material. 
This fining of the overall grain sizes is the first in- 
dicator that Bull Lake soils have been more highly wea- 
thered than the Pinedale counterparts, which, as will be 
later demonstrated, is actually the case. 
Factor 2 shows that medium sand (1, 20)   is inversely 
related to fine clay (>110) independently of depth.  This 
relationship is probably indicative of the fining of the 
texture.  The progressive weathering leads to the develop- 
ment of greater amounts of finer material, decreasing with 
depth to the coarser unweathered parent material.  Factors 
3 and 4 are seemingly accounting for within-profile "noise", 
as the significant loadings reflect abstruse affiliations 
between various fractions. 
Actual within-profile variation was examined by com- 
paring replicate samples taken from two pits (PD-2 and 
BL-3).  Application of analysis of variance techniques 
showed the variation to be insignificant at high (9 5% and 
99%) confidence levels. 
Soil Clays 
Distribution by Age 
All profiles analyzed are characterized by cambic B 
horizons, defined on the basis of color and clay mineral 
alteration rather than textural accumulation. Bull Lake 
profiles contain more clay than Pinedale soils (25.0 i 
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5.6% vs. 16.6 + 4.11%).  Further analysis proved this to 
be a result of in situ alteration related to weathering 
rather than physical translocation of clays from surface 
horizons.  Examination of figures 7, 8, and 9 demonstrates 
the tendency of the total quantity of clays to remain 
relatively constant with depth, as they show neither strong 
graphical (Fig. 8) nor statistical trends (Figs. 7, 9) 
within the profiles. 
Factor 1 (Fig. 10) shows a strong inverse relation- 
ship between all sizes of chlorite and fine-to-medium 
illite in Pinedale soil.  A moderate positive loading on 
depth correlates directly with chlorite and inversely 
with illite.  These factor loadings are associated with 
a decrease of illite with depth, with an abrupt drop 
occurring at the B/C contact.  Chlorite, abundant at 
depth in the C horizon, also sharply decreases at the 
B/C boundary to a lower, more constant value up the pro- 
file.  This relationship is independent of clay size 
(Fig. 11). 
Factor 2 relates montmorillonite inversely to the 110 
and finer grades of illite.  Further analysis of graphical 
data (Fig. 11), and comparison with the work of Wigley 
(1976) , shows this trend to be related to the alteration 
of illite to montmorillonite.  Montmorillonite, with a 
smaller grain size, would first and most completely alter 
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FACTOR 
8 9 10 11 8 9 10 11 8 9 10 11 8 9 10 11 D 
M        C I K 
Figure 10.  Factor loadings plotted vs. clay mineralogy 
according to phi-size for Pinedale (PD-20 clay mineral 
data.  D = normalized depth.  M = montmo^illonite; C = 
chlorite; I = illite; K = kaolinite/chlorite mixed. 
Variance accounted for = 82% (factor 1 = 38%, factor 
2 = 22%, factor 3 = 22%). 
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the finest fractions of pre-existing clays and sheet 
silicates. 
Factor 3, with moderate loadings on montmorillonite 
and intermediate kaolinite sizes, probably reflects a 
physical rather than pedogenic association.  The distri- 
bution of kaolinite in the profile (Fig. 11) indicates 
that this clay is not playing a major role in the develop- 
ment of the profiles of either age. 
Bull Lake clay mineral suites show similar, but more 
highly developed relationships than those seen in Pine- 
dale aoil.  High loadings on factor 1 (Fig. 12) occur for 
all sizes of montmorillonite, which has an inverse de- 
pendence on the coarser fractions of chlorite and finer 
illite particles.  Figure 11 shows from these trends, 
that chlorite is the dominant species in unweathered till, 
giving way to montmorillonite and illite in the B horizon, 
while illite alone predominates in the surface (A) hori- 
zon . 
Factor 2 substantiates these trends, indicating that 
illite is highly depth dependent (decreasing with depth), 
while chlorite increases to a maximum in the C horizon. 
Factor 3 indicates that kaolinite is an important factor 
by itself, but is not related to the other variables.  As 
in Pinedale soils, kaolinite is of minor importance in the 
pedogenic processes in effect. 
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FACTOR 
Figure 12.  Factor loadings plotted vs. clay mineralogy 
according to phi-size for Bull Lake (BL-2) clay mineral 
data.  D = normalized depth.  M = montmorillonite; C = 
chlorite; I = illite; K = kaolinite/chlorite mixed. 
Variance accounted for = 84% (factor 1 = 34%, factor 
2 = 39%, factor 3 = 11%). 
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Alteration According to Age 
The alteration and distribution of the four dominant 
clay mineral species provides a definitive means of dis- 
tinguishing the soils developed on Pinedale and Bull Lake 
tills. 
The presence of chlorite in the C horizon (unweathered 
parent till) of each profile as the dominant species re- 
sults from the initial breakdown of free soil micas from 
the granitic source area.  The amount of chlorite present 
in the C horizon decreases with grain size, indicating that 
alteration to finer-grained clays occurs first in the 
smallest sizes (Fig. 11). 
Chlorite is altering to illite and then montmorillonite 
in both soils.  Illite dominates the coarser sizes in the 
clay fraction of the B horizon of the Pinedale soil, be- 
coming subordinate to montmorillonite in the finest fraction, 
This substantiates Wigley's (1976) results, who concluded 
the change from illite to montmorillonite was a physical 
change from a coarser to finer grain size. 
The alteration of illite to montmorillonite in the 
B horizon of the Pinedale is not well-developed except in 
the finest fraction, the alteration being a function of 
grain size and time.  The' conversion is extreme in the B 
horizon of the Bull Lake, being a pervasive mechanism even 
in the coarser (80) clays.  High amounts of chlorite in 
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the Bull Lake C horizon, from the available evidence, are 
a relic of initial alterations, as seen in Pinedale soil. 
Illite is the dominant clay in the A horizon in 
both soils, evidently a result of selective leaching of 
montmorillonite or simply a lack of appropriate cations 
(Ca, Na) and water.  Millot (1970) examined this premise 
in work on soils developed on granitic parent material 
in southern France.  He found that the more common cations 
of clay minerals were removed in the following sequence: 
Ca > Na > Mg > K - Si - Al, with ferromagnesian minerals 
ranking among the more mobile elements.  Extreme leaching 
of cations in the A horizon would leave illite remaining 
as the stable species, the components necessary to form 
montmorillonite not present. 
Retention of water with dissolved cations (Ca, Na) 
in the poorly leached B horizons, with sufficient time, 
causes gradual replacement of the potassium ions in the 
interlayer positions of illite by calcium, sodium, and 
water, coverting it to montmorillonite. 
That this process is actually time dependent is 
shown in Figure 11, which shows similar trends for soils 
of both ages, but a more pronounced and intensely altered 
Bull Lake profile.  Based on the age assignments of Pierce, 
et a_l. (1976) and assuming that our tills correlate with 
the Pinedale and Bull Lake glaciations of the Yellowstone 
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region, the trends seen in the Bull Lake profile have had 
140,000 years to develop, as compared with only 65,000 for 
the Pinedale. 
I suggest that the ferromagnesian elements of chlorite 
(Fe  , Fe  , Mg) were initially stripped upon its conver- 
sion to illite.  This occurred as the fresh till was ex- 
posed and affected by near surface weathering processes. 
As the alteration progressed, other pedogenic forces began 
to take effect (see preceding discussion), and the alter- 
ation of chlorite became less intense to the extent seen 
at present in the C horizon of the Pinedale and Bull Lake 
profiles (Fig. 11).  As the C horizon occurs at a shallower 
depth in Pinedale soils than in Bull Lake profiles (Appen- 
dix I), this phenomenon also appears to be age-dependent. 
The presence of significant amounts of limestone in 
the soils doubtless contributes to the calcium and magnesium 
requisite for the formation of montmorillonite.  However, 
since both profiles were developed on similar such parent 
materials, this effect too would seem to be time-dependent. 
A combination of extreme leaching of the A horizon 
and the downward transport of water with dissolved cations 
coupled with in situ dissolution of carbonate material has 
contributed to the conversion of montmorillonite in the B 
horizon.  Illite is retained as the stable phase in the 
A horizon.  Initial exoosure of till to weathering pro- 
cesses effected the conversion of chlorite to illite, and 
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in a lesser extent to montmorillonite. 
This alteration is due to in situ weathering rather 
than physical translocation of clays, as previously es- 
tablished by the weak depth dependence shown by the clay 
fraction of the profiles. 
The question is reached here as to whether or not 
the Bull Lake soil has reached terminal grade, that is, 
the maximum development which could be expected under the 
soil forming environment of Wildhorse Canyon.  Ultimate 
test of this hypothesis will be found in the analysis 
of pre-Bull Lake soils, if they exist. 
At this point in the investigation of the glacial 
geology of Wildhorse Canyon, many important questions 
have been resolved.  A more intensely altered Bull Lake 
clay mineral suite is the result of the longer period of 
weathering than experienced by the Pinedale soils.  Simi- 
lar pedogenic mechanisms are in effect in both soils with 
variation between Pinedale and Bull Lake profiles attri- 
buted to different amounts of time available for soil 
development.  It must be emphasized, however, that the con- 
clusions drawn in this study are based on detailed 
analysis of two "type" profiles, and further research on 
the soils of Wildhorse Canyon and surrounding areas, 
implementing similar methods, is necessary to further 
verify the results. 
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Conclusions 
The Wildhorse Canyon region of Idaho has been modi- 
fied to its present topography by at least three Quater- 
nary glaciations and remnants of a fourth, older glacia- 
tion may be present as elevated terrace gravels.  The 
deposits of the four glaciations are tentatively corre- 
lated with the Rocky Mountain Glacial Model of Mears 
(1974) as pre-Bull Lake (oldest), Bull Lake, Pinedale, and 
Neoglacial (youngest) Glaciations. 
The dual nature of Bull Lake outwash terraces sug- 
gests two stades for the Bull Lake, but morainal deposits 
indicative of more than one advance are lacking.  Well- 
preserved terminal moraines, each sourcing a distinct 
outwash terrace, indicates a Pinedale Glaciation of four 
stades.  Multiple recessional moraines of the Pinedale 
IV advance may represent the final break up and recession 
of small valley glaciers, or may be more appropriately 
correlated with a younger pre-altithermal interval.  Vari- 
ous cross-cutting relationships among rock glaciers of 
Neoglacial age may indicate a multiple sequence of ad- 
vances . * 
High elevated erratics found on the valley sides of 
the East Fork of the Big Lost River and the topographic 
distribution of Pinedale and Bull Lake terminal moraines 
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indicates ice-damming and ponding of the East Fork 
drainage.  This ponding, as suggested by the present 
position of the Pinedale I, II, and Bull Lake terminal 
moraines may have been a multiple event. 
Field relationships and analysis of Pinedale and 
Bull Lake deposits and the soils developed upon them 
demonstrates: 
1. Differentiation of terminal and reces- 
sional moraines can accurately be accom- 
plished by the combined analysis of 
morphologic character and stratigraphic 
associations. 
2. Relict soils developed on Pinedale and 
Bull Lake till show well-developed tex- 
tural variations with depth among the 
sand and silt fractions, but total clay 
shows no significant variation with depth. 
3. Strong clay mineral alterations are 
occurring in soils of both ages, and are 
consistent in sequence of alteration. 
Bull Lake soil exhibits a more intensely 
weathered profile (more total clay), a 
reflection of the prolonged exposure to 
pedogenic forces.  Pinedale soils show 
less pedogenic alteration. 
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4. Illite dominates the surface horizons 
of all soils in the region.  Extreme 
leaching of surface horizons selectively 
removes the mobile cations (Ca, Na) 
resulting in the formation of montmor- 
illonite in the B horizon.  Montmorillonite 
is forming from illite by the addition of 
calcium, sodium and water in the B hori- 
zon in a poorly leached, cation-rich 
environment.  Chlorite is primary or forms 
at depth from primary soil micas in the 
C horizon, altering initially to illite, 
and to a lesser extent montmorillonite, in 
the B horizon. 
The identification of two quantifiable parameters 
(total clay content and clay mineral variation) which 
permit differentiation of the Pinedale and Bull Lake 
tills of Wildhorse Canyon is a step forward and may 
prove useful in local and regional correlations.  Future 
work should focus attention on additional textural and 
mineralogical analysis of Alpine soils of varying ages 
to further verify the applicability of clay mineral 
development as a means of correlation and differentiation, 
Field and laboratory research aimed at determining the 
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nature of parent till will provide better control on 
the development of clay mineral suites. 
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APPENDIX I 
Soil Profiles 
This appendix contains detailed descriptions of all 
soil profiles sampled.  Soil sample sites are located on 
Plate I.  Observations are an integration of field log- 
ging and laboratory textural analysis.  The soils are 
classified according to the 7th approximation (U.S.D.A., 
1960).  Descriptions utilize the nomenclature developed 
by the U.S.D.A. Soil Survey Staff (1951). 
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Profile:  PD-1 
Age:  Pinedale I 
Location:  Terminal Pinedale I moraine, on east side 
of Wildhorse Canyon, south side of Rte. 
135; 7280 ft.  (2219 m.) 
Parent Material:  Till, mixed lithologies, predomi- 
nantly limestone with minor clasts of 
quartzite and monzonite. 
Classification:  Calcorthid 
Soil Horizons    Depth below Description 
surface (cm) 
A 0-22.5       Dark brown (10YR 4/3) 
loamy sand and silt. 
Gritty, non-sticky and 
non-plastic; massive 
structure.  Clear 
boundary with B horizon. 
B 22.5-42.3       Light gray (5Y 7/2) 
sandy clay loam. Slight- 
ly sticky and plastic, 
with slight blocky to 
angular ped development. 
Extensive development of 
CaCC>3 rinds on limestone 
cobbles. 
Cca 42.3-93.9       Stage I, violent reac- 
tion with HC1. 
C 93.9-131.7+     Olive (5Y 5/3) sandy 
loam.  Massive struc- 
ture; very cobbly and 
bouldery, non-sticky and 
non-plastic. 
- depth (cm)] Sampling: [No. 
#1 - 131.7 
#2 - 108.9 
#3 - 93.9 
#4 - 82.5 
#5 - 67.5 
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Sampling   (cont.) 
#6   - -   52.5 
#7   - -37.5 
#8   - -   22.5 
#9   - -     7.5 
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Profile:  PD-2 
Age;  Pinedale II 
Location:  Pinedale II composite lateral moraine on east 
side of Wildhorse Canyon, 7120 ft. (2170 m.) 
Parent Material:  Till, mainly limestone clasts with 
subordinate amounts of monzonite and gneiss. 
Classification:  Calcorthid 
Soil Horizons    Depth below Description 
surface (cm) 
A 0-17.5       Yellowish brown (10YR 
5/4) fine-grained silty 
loam.  Massive structure, 
slightly sticky and plas- 
tic, strong reaction with 
HC1, clear to gradual 
boundary with B horizon. 
B 17.5-68.8       Pale brown (10YR 6/3) 
silty clay loam.  Mas- 
sive structure with minor 
(1-10 mm) ped development. 
Violent reaction with HC1, 
gradual boundary with C 
horizon.  Minor CaC03 
rinds developed as com- 
pared with Pinedale I 
profile. 
C 68.8-111.8+     Olive to olive gray (5Y 
5/2 - 5Y 5/3) fine to 
medium grained sandy loam. 
Massive structure, 15-20 
cm long voids present in 
parent material. 
Sampling:  [No. - depth (cm)] 
#1 - 98.8 
#2 - 83.8 
#3 - 68.8 
#4 - 62.5 
#5 - 47.5 
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Sampling (cont.): 
#6 - 32.5 
#7 - 17.5 
#8 -  7.5 
(Replicate samples taken from opposite side of pit; 
denoted as PD2A and PD2B) 
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Profile PD-3 
Age: Pinedale I 
Location:  Pinedale I terminal moraine on west side of 
Wildhorse Canyon, 7240 ft.  (2207 m.) 
Parent Material:  Till, approximately 60% gneissic 
material, 25% Challis volcanic clasts, 
remainder of Paleozoic quartzite cobbles. 
Classification: Camborthid 
Soil Horizons Depth below 
surface (cm) 
0-18.5 
Description 
Dark brown (10YR 3/3) 
fine-grained silty loam, 
Slightly sticky and 
plastic, massive struc- 
ture . 
B 18.5-48.5 
Cca 48.5-72.7 
72.7-98.2+ 
Yellowish brown (10YR 
5/4) fine to very fine 
grained silt loam. 
Slightly sticky, ex- 
tremely stony. 
Texturally the same as 
B horizon, but with 
strong HCl reaction. 
Olive (5Y 5/3) sand and 
gravel, very bouldery 
massive structure, main- 
ly clasts of gneiss, 
volcanics, and minor 
limestone. 
Sampling: [No 
#1 - 87.7 
#2 - 72.7 
#3 - 63.5 
#4 - 48.5 
#5 - 33.5 
#6 - 18.5 
#7 - 8.5 
depth (cm)] 
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Profile:  PD-4 
Age:  Pinedale I 
Location:  Pinedale I terminal moraine, just above 
Devil's Bedstead ranch, 7050 ft. (2149 m. ) 
Parent Material:  Till, mixed lithologies, gneiss and 
volcanic clasts predominate, with few lime- 
stone cobbles. 
Classification:  Camborthid 
Soil Horizons Depth below 
surface (cm) 
0-17.1 
B 17.1-116.6 
116.6-134.6+ 
Description 
Very dark brown (10YR 
2/2) silty clay loam. 
Fine grained massive 
structure, sticky and 
plastic, clear boun- 
dary with B horizon. 
Light olive gray (5Y 
6/2) silty fine to 
very fine grained loam. 
Medium to coarse sub- 
angular peds developed 
in a well-indurated B 
horizon.  Non-sticky, 
non-plastic; gradual 
boundary with C horizon. 
Olive (5Y 5/3) fine to 
medium grained sandy 
loam.  Massive structure, 
unconsolidated, very 
stony. 
Sampling: [No. 
#1 - 131.6 
#2 - 116.6 
#3 - 107.1 
#4 - 92.1 
#5 - 77.1 
#6 - 62.1 
#7 - 47.1 
- depth (cm)] 
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Sampling   (cont.) 
#8   -   32.1 
#9   -   17.1 
#10   -     7.1 
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Profile:  BL-1 
Age:  Bull Lake 
Location:  East Bull Lake terminal moraine, above Rte. 
135, 7500 ft. (2286 m.) 
Parent Material:  Till, predominantly limestone par- 
ticles. 
Classification:  Calcorthid 
Soil Horizons   Depth below Description 
surface (cm) 
A 0-19.5       Dark brown (10YR 3/3) 
silty to sandy loam. 
Massive structure, 
slightly sticky. 
B 19.5-63.5       Light yellowish brown 
(10YR 6/4) loamy sand. 
Blocky structure with 
weak, subangular ped 
development.  Limestone 
cobbles covered with a 
CaCC>3 rind on bottom. 
Rare large (^ 1 m) 
erratics, which are 
prevalent in Pinedale 
pits. 
Cca 63.5-96 Distinguished from B 
horizon by complete 
enclosure of carbonate 
clasts by CaCC>3 rinds 
1-4 mm thick. 
C 96-123+       Olive (5Y 5/3) sandy 
loam.  Relatively fresh 
limestone clasts with 
no rinds. 
Sampling:  [No. - depth (cm)] 
#1 - 108.8 
#2 - 96.0 
#3 - 98.5 
#4 - 63.5 
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Sampling (cont.) 
#5 - 49. .5 
#6 - 34. .5 
#7 - 19. .5 
#8 - 5. .5 
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Profile:  BL-2 
Age:  Bull Lake 
Location:  East Bull Lake terminal moraine, lower and 
east of BL-1, 7360 ft. (2243 m.) 
Parent Material:  Till, limestone with minor Ramey i 
Creek intrusive. 
Classification:  Calcorthid 
Soil Horizons    Depth below Description 
surface (cm) 
A 0-18.5       Dark brown (10YR 3/3) 
fine grained sandy loam. 
Massive structure, sticky, 
B 18.5-44.5       Pale brown (10YR 6/3) 
silty clay loam.  Angular 
to subangular blocky ped 
development.  Calcium 
carbonate rinds developed 
on lower surfaces of 
limestone clasts. 
Cca 44.5-119.3      Textural the same as B 
horizon, but with com- 
plete enclosure of lime- 
stone clasts by 2-4 mm 
thick CaC03 rinds. 
C 119.3-132.8+     Olive (5Y 4/3) sandy loam, 
'■) Massive structure; rinds 
on carbonate clasts not 
well developed.  Texture 
very loose and gravelly. 
depth (cm)] Sampling: [No. 
#1 - 132.8 
#2 - 119.3 
#3 - 104.3 
#4 - 89.3 
#5 - 74.3 
#6 - 69.3 
#7 - 44.5 
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Sampling   (cont.) 
#8   -   28.3 
#9   -   13.3 
#10   -   11.5 
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Profile:  BL-3 
Age:  Bull Lake 
Location:  West Bull Lake terminal moraine above Devil's 
Bedstead Ranch, 7400 ft. (2256 m.) 
Parent Material:  Till, gneissic lithologies. 
Classification:  Camborthid 
Soil Horizons    Depth below Description 
surface (cm) 
A 0-20.5       Black (10YR 2/1) fine to 
very fine grained silty 
clay loam.  Massive struc- 
ture, sticky and plastic, 
abrupt boundary with B 
horizon. 
B 20.5-81.5       Yellowish brown (10YR 5/4) 
non-sticky, non-plastic 
silt clay loam.  Moderate 
ped development (coarse, 
subangular blocky), with 
common, thin clay skins. 
Well-indurated, highly 
grusified gneissic cob- 
bles and boulders. 
Cox 81.5-105.5      Diffuse boundary with B 
horizon, distinguished by 
prevalent oxidation rinds 
or cobbles and transi- 
tional color (2.5Y 4/4) 
with C horizon. 
C 105.5-133+       Olive brown (2.5Y 4/4) 
medium to coarse grained 
sandy loam.  Loose, mas- 
sive structure, no clay 
skins.  More gravelly 
than overlying material; 
devoid of calcium carbon- 
ate at any depth. 
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Sampling: [No. 
#1 - 120.5 
#2 - 105.5 
#3 - 80.5 
#4 - 65.5 
#5 - 50.5 
#6 - 35.5 
#7 - 20.5 
#8 - 10.5 
(cm)] 
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\ 
I./ 
Profile:  BL-4 
Age:  Bull Lake 
Location:  West Bull Lake terminal moraine, approximately 
500 m west of BL-3, 7360 ft. (2243 m.) 
Parent Material:  Till, predominantly gneissic and vol- 
canic lithologies. 
Classification:  Camborthid 
Soil Horizons    Depth below Description 
surface (cm) 
A 0-22.5       Very dark brown (10YR 
2/2) fine to very fine 
grained silty clay loam. 
Massive structure, sticky 
and plastic, clear boun- 
dary with B horizon. 
B 22.5-8 2.5       Yellowish brown to dary 
brown (10YR 5/4 to 10YR 
3/3) silt clay loam. 
Moderate ped development 
similar to BL-3.  Rare 
gneissic material, mostly 
highly weathered volcanic 
clasts of pebble to cob- 
ble size. 
B3 (?) 82.5-102.5      Similar texture to over- 
lying material with color 
(2.5Y 4/4) gradational 
to C horizon. 
C 102.5-117.5+     Olive brown (2.5Y 4/4) 
sandy clay loam.  Massive 
fine to medium grained 
structure.  Very loose, 
soft texture; fresh peb- 
bles and cobbles.  No 
CaCC>3 encountered at any 
depth. 
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Sampling: [No. 
#1 - 117.5 
#2 - 102.5 
#3 - 97.5 
#4 - 82.5 
#5 - 67.5 
#6 - 52.5 
#7 - 37.5 
#8 - 22.5 
#9 - 12.5 
depth   (cm)] 
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APPENDIX II 
Size Analysis 
This appendix contains the tabulated results of the 
size analysis (00  through 110, at 10 intervals) of each 
profile sampled.  This portion of the study was designed 
to determine the nature of textural variations in soils 
of Pinedale and Bull Lake age. 
Samples marked with an asterisk (*) were classified 
as material of the C soil horizon, in this case unweath- 
ered till of Pinedale or Bull Lake age. 
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APPENDIX III 
CLAY MINERAL ANALYSIS 
Contained in this appendix are the results of lab- 
oratory and X-ray analysis of clay minerals from samples 
collected in the field.  Detailed investigation consid- 
ered the clay mineralogies of profiles BL-2 and PD-2B. 
The results are tabulated as sample within the profile, 
size (0) within the particular sample, and clay miner- 
alogy of the sample.  The abbreviations used in column 
headings denote the following: 
M 11 o 
(17.6A)   -  Percentage of montmorillonite 
with diagnostic glycolated 
diffraction (001) spacing 
C o 
(14.3A)   -  Percentage of chlorite with 
diagnostic glycolated dif- 
fraction (001) spacing 
(9.9A)    -  Percentage of illite with 
diagnostic glycolated dif- 
fraction (001) spacing 
K/C0 
(7.1A)    -  Percentage of grouped kaoli- 
nite/chlorite with diagnostic 
glycolated (001) spacing 
Size 
(0)      -  Size fraction analyzed for 
clay mineralogy; "110" frac- 
tion includes 110 and finer 
material 
Depth 
(Abs.)    -  Absolute 
(Norm.)   -  Normalized 
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The total depth of soil development was variable 
across the sampling area.  Soils of similar ages were 
not necessarily developed to the same depth.  Correla- 
tions, whether stratigraphic or statistical, would have 
been erroneous if affected by absolute (abs.) depth, so 
a normalized (norm.) depth term defined as; 
depth (norm.) = depth (abs.)  
thickness of B horizon 
was substituted for each absolute sample depth to eli- 
minate this problem. 
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M 
o 
C
 O I o K/C , Size Depth 
Sample (17.6A) (14.3A) (9.9A) (7.1A) (t) (Abs)  (Norm) 
PD-2-1B 16.5 36.8 30.3 16.5 8 98.8   1.93 
19.3 28.6 36.2 15.9 9 
22.4 28.8 33.4 15.3 10 
35.4 23.2 30.4 11.0 11 
PD-2-2B 24.9 23.2 30.9 21.0 8 83.8   1.64 
19.8 28.7 35.7 15.8 9 
28.6 21.8 37.1 12.6 10 
35.9 16.0 37.3 10.8 11 
PD-2-3B 18.9 42.9 27.2 10.9 8 68.8   1.35 
20.3 31.2 35.3 13.3 9 
24.0 32.7 30.7 12.7 10 
38.2 17.2 35.7 8.8 11 
PD-2-4B 16.3 20.8 45.1 17.8 8 62.5   1.22 
18.0 16.5 48.9 16.6 9 
25.0 16.5 43.2 15.4 10 
40.7 10.7 39.3 9.4 11 
PD-2-4B 23.0 19.4 44.5 13.1 8 47.5   0.93 
26,. 6 14.9 47.2 11.3 9 
34 .%6 13.5 43.0 8.9 10 
40.8 11.6 37.1 10.6 11 
PD-2-6B 28.1 17.5 42.0 12.5 8 32.5   0.64 
34.3 14.5 42.3 9.0 9 
36.5 10.7 42.6 10.2 10 
58.8 11.9 24.4 5.0 11 
PD-2-7B 28.6 17.0 42.8 11.6 8 17.5   0.34 
38.0 9.8 39.0 13.1 9 
33.4 11.9 43.7 11.0 10 
45.2 11.1 34.9 8.7 11 
PD-2-8B 35.1 10.6 44.6 9.7 8 7.5   0.15 
35.8 11.9 40.2 12.2 9 
35.6 10.9 42.9 10.6 10 
77.1 8.3 7.3 7.3 11 
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Sample 
M 
(17.6A) 
C 
(14.3A) 
I 
(9.9A) 
K/C 
(7.1A) 
Size 
(0) 
Depth 
(Abs)   (Norm) 
BL-2-1 10.7 65.1 18.3 5.9 8 132.2    1.25 
6.8 58.8 25.7 8.7 9 
14.5 48.0 31.6 5.9 10 
41.6 24.8 30.2 3.5 11 
BL-2-2 48.0 18.2 24.2 9.6 8 119.3    1.13 
49.0 16.1 25.4 9.5 9 
51.1 13.0 27.1 8.9 10 
66.3 12.0 17.6 4.0 11 
BL-2-3 47.3 16.4 24.2 12.1 8 104.3    0.99 
46.8 13.9 27.1 12.2 9 
54.6 14.5 22.7 8.2 10 
66.1 10.2 17.4 6.3 11 
BL-2-4 49.1 14.2 28.0 7.8 8 89.3    0.84 
46.8 11.3 30.6 11.3 9 
60.8 11.9 20.7 6.0 10 
69.0 12.7 16.4 1.9 11 
BL-2-5 42.4 13.3 33.7 10.5 8 74.3    0.70 
49.9 12.6 29.7 7.9 9 
49.8 13.8 28.3 8.0 10 
69.7 7.4 17.4 5.4 11 
BL-2-6 43.8 11.6 32.7 11.8 8 59.3    0.56 
50.8 8.7 32.6 7.9 9 
50.4 13.8 29.4 6.4 10 
62.3 10.6 22.8 4.3 11 
BL-2-7 44.4 10.3 30.5 14.8 8 44.5    0.43 
45.1 13.2 32.8 8.9 9 
46.8 11.1 34.1 8.0 10 
46.1 14.2 34.5 5.2 11 
BL-2-8 38.0 10.3 41.4 10.3 8 31.7    0.30 
39.8 10.7 40.9 8.5 9 
49.7 11.5 33.2 5.6 10 
52.0 8.0 37.1 2.9 11 
BL-2-9 30.5 2.9 54.6 12.0 8 13.3    0.13 
28.9 5.2 57.1 8.8 9 
29.6 2.3 56.0 12.1 10 
48.4 5.5 39.6 6.6 11 
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M C 
o 
I 
o 
K/C 0 Size Depth 
Sample (17.6A) (14.3A) (9.9A) (7.1A) (0) (Abs)   (Norm) 
BL-2-10 28.4 5.1 54.1 12.4 8 11.5   0.11 
33.7 10.0 47.7 8.7 9 
30.2 3.5 59.1 7.2 10 
41.5 4.1 50.9 3.5 11 
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VITA 
Robert Arthur Stewart was born on September 17, 1954, 
in Stafford, England, first of two children born to Arthur 
and Helen Stewart.  Stewart attended elementary school in 
Oakville, Ontario, Canada, and Acton, Massachusetts.  He 
received a diploma from Acton-Boxborough Regional High 
School in June of 1972. 
Stewart entered the College of Arts and Sciences at 
Lehigh University in September of 1972, graduating with 
honors with a B.S. in Geological Sciences in May of 1976. 
Upon acceptance into the combined B.S.-M.S. program at 
Lehigh in January of 1976, Stewart continued work in the 
graduate school of Lehigh toward an M.S. degree.  He 
received a teaching assistantship for the summer of 1976 
through spring of 1977, gaining his degree in May, 1977. 
Mr. Stewart is an associate member of the Society of 
Sigma Xi.  He is currently employed as an exploration 
geologist for the Bethlehem Steel Corporation for the 
summer of 1977, after which he will pursue graduate work 
towards the Ph.D. at Memorial University of St. John's, 
Newfoundland in the fall. 
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